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ABSTRACT

Magnetorheological Elastomers (MRE) endure a change in mechanical properties with the application of an
externally applied magnetic field. It consists of an elastomeric matrix reinforced with ferromagnetic powdered
particles. This paper focuses on the investigation of viscoelastic properties of Room Temperature Vulcanized (RTV)
silicone based isotropic MRE in sandwich beam configuration by varying the volume percentage of Carbonyl Iron
Powdered (CIP) reinforcement. Viscoelastic properties of the MRE core material were calculated by following the
ASTM E756-05 standard. The magnetic field was applied by employing a Halbach array which was numerically
analysed using Finite Element Method Magnetics (FEMM). The magnetic field was varied up to 0.15 T. Loss factor
and shear modulus were found to be strongly influenced by the percentage content of CIP. The loss factor and shear
modulus of 30% MRE at 0.15 T were higher than other tested samples. The variation of natural frequency with
respect to the addition of CIP was validated numerically using Modal analysis conducted in Hyperworks.
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NOMENCLATURE
E Young’s modulus of the base beam
f Resonance frequency of base beam
£ Resonance frequency of sandwich beam
G Shear modulus of the core material

Shear loss factor of the core material
Loss factor of sandwiched specimen
Shear stress of the core material
Shear strain of the core material
Magnetic flux density
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1. INTRODUCTION

Elastomers are one of the most used materials for
vibration attenuation. Its viability to be successfully employed
as a vibration damping material is dependent on its mechanical
properties such as modulus and damping. In general, elastomers
are flexible and possess high damping. But real-time operating
conditions demand high load-bearing capacity along with
good inherent damping characteristics. This problem is
overcome by employing Magneto Rheological Elastomers
(MRE), which undergo a change in rheological properties
because of an externally applied magnetic field!. It comprises
of a ferromagnetic ingredient embedded in a non-magnetic
elastomeric material. The application of an external magnetic
field causes the shear modulus and loss factor to change
reversibly due to magnetic force between the particles. This
behaviour depicted by them is termed as Magneto Rheological
(MR) effect'+.
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MRE preparation is done by mixing a polymer-based
matrix material with a ferromagnetic ingredient (reinforcement)
during cross-linking. MRE cured in the magnetic field causes
the ferromagnetic ingredients to orient themselves in the
applied field direction imparting anisotropic properties to it.
In isotropic MRE, the ferromagnetic particles are arbitrarily
arranged inside the matrix. Anisotropic MRE shows better
MR effect compared to isotropic MRE*’. MR effect exhibited
by these materials mainly depends upon the magnitude of the
magnetic flux density’, size'® and shape!' of the Ferromagnetic
particles, its volume percentage>®!1*!2 type of the elastomeric
matrix employed® and orientation of iron particles in the
matrix*’. Silicone elastomer is the most suitable matrix
material for the MRE since it can be easily processed, are easy
to handle, and possess a wide range of working temperatures®.
Carbonyl Iron Powder (CIP) is used as reinforcement due to
high permeability, high magnetic saturation, and very low or
zero remanent magnetisation. These unique characteristics
make MRE a viable material in Noise, Vibration, and Harshness
(NVH) related applications'*- 5 as well as Vibration control
systems>'6,

Viscoelastic properties of elastomers are usually
characterised by carrying out experiments employing dynamic
mechanical analyser (DMA)!7 and Rheometer'®. Parallel plate
Rheometers in oscillatory, squeeze, and stress-controlled mode
are employed by many researchers to evaluate the rheological
properties of MRE. The damping properties of MR elastomers
are also characterised using DMA. The current work focuses
on characterizing MR elastomers by employing a relatively
economical way by making use of the ASTM standard. The
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investigation of viscoelastic properties of Silicone-based
isotropic MRE with respect to percentage content of CIP and
the magnetic field is carried out using ASTM- E756-05%.
Viscoelastic property characterisation of MRE using the ASTM
method has not been reported in literature so far. Also, in the
current work, a relatively inexpensive way of experimentally
determining the damping characteristics and shear properties
of MRE has been employed instead of bulky and expensive
methods like Rheometer and DMA. The combined effect of
iron powder and magnetic field on the natural frequency of
the fabricated MRE sandwich beam has been experimentally
studied. The magnetic field effects are investigated by using
the Halbach array to apply the magnetic field to the MRE
cantilever beam.

2. THEORETICAL BACKGROUND

In the current study, the methodology was adopted as
per ASTM E-756-05 (cantilever beam configuration)'® for
determining the viscoelastic properties of the core material.
For any viscoelastic material, the loss factor (n,) and shear
modulus (G,) according to the ASTM standard is given by

(4n,)
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n, = loss factor of the sandwich specimen and f, = natural
frequency for mode n of the sandwich specimen is determined
experimentally by conducting the free vibration test. /, = natural
frequency for n” mode of base beam. / and H, are thickness of
base beam and core material. p and p, are the densities of the
base beam and core material. D is the density ratio (p /p) and
T'is the thickness ratio (H/H). E is the Young’s modulus of the
base beam. C, = 0.5595 (coefficient for mode 1).

The amplitude of the successive peaks is noted from the
free vibration response graph and the damping ratio ({) of the
sandwich specimen is calculated using the Eqn (5).

X 2n
nJo __ 275 (5)
X J1-¢
where
x, x, — successive response from the free vibration

response graph

€ — Damping ratio of the sandwich specimen

The loss factor (n ) of the sandwich specimen is calculated
using the equation,

n, =26 (6)

3. METHODOLOGY
3.1 Fabrication of MRE Sandwich beam

The dimensions of the sandwich beam specimens were
determined from ASTM standard E 756-05. It consists of a core
(thickness 6mm) sandwiched between two Aluminium beams
(1.7mm thickness). The MRE core is prepared by mixing the
matrix (Silastic 3483 base from Dow Corning Corporation) with
Carbonyl iron particles 5 um in diameter (Chengdu Nuclear,
China) and adding a curing agent (Silastic 83). The sample
is then subjected to degasification. The prepared mixture is
gushed into an acrylic mould of dimensions 180mm x10mm
x 6mm, which is followed by curing at room temperature
without applying any magnetic field for 24 hours. This renders
isotropic nature to the prepared samples. 7 samples with
varying percentage content of CIP (shown in Table 1) were
prepared. The Aluminium base beams of same dimensions and
natural frequencies (f,) are bonded to the MRE core using a
synthetic rubber based adhesive and is cured for 24 hours. In
the root section (used to facilitate the clamping of specimen
in the test fixture), an Aluminium spacer of length 25mm and
thickness same as the core material is glued to the base beams
using cyanoacrylate adhesive.

Table 1. Percentage by volume content of CIP of samples

Sample number
1 0

5

10
15
20
25
30

Percentage content of CIP

~N Y L AW

3.2 Halbach Array to Apply Magnetic Field

To produce magnetic field, Neodymium rare earth
permanent magnets are placed (Fig. 1(a)) following the
Halbach’s arrangement?. The magnetic flux density thus
produced using the arrangement of magnets was predicted by
performing a simulation using finite element method magnetics
(FEMM)?.. The results of the simulation and the plot of field
variation between the poles are shown in Fig. 1(b) and Fig.
1(c). Based on the results obtained from simulation, permanent
magnets were arranged. Measurement of the magnetic flux
density was quantified using a Gauss meter.

3.3 Experimental Setup for Conducting Free

Vibration Test

Free vibration test is conducted on the sandwich specimen
to determine its natural frequency (f) and loss factor (n ). The
setup used to conduct the experiment is depicted in Fig. 2. The
magnitude of the magnetic flux density is adjusted by varying
the air gap distance between the permanent magnets using a
screw-nut arrangement. An accelerometer (PCB piezotronics,
Sensitivity — 100.6 mV/g) is positioned at the unclamped beam
end. The acceleration signals are acquired using NI — 9234 data
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Figure 2. Experimental setup for determining free vibration response.

card and NI LabVIEW. The natural frequency of the specimen
is obtained by computing FFT of the acquired signals. The
first dominant mode is considered for analysis. The test was
conducted for all the specimens with magnetic flux densities
varying between 0T - 0.15T with a step size of 0.05T. An
average value was derived after repeating the experiment for 5
times which was considered for further analysis.

4. RESULTS AND DISCUSSION
4.1 Loss Factor of the Viscoelastic Material (n,)
Loss factor indicates material damping properties of
the viscoelastic material. The required values of loss factor
(n,) and natural frequency (f,) of the sandwich specimens is
obtained experimentally from the free vibration test. The
impact of addition of iron particles and field intensity on the
natural frequency of the sandwich specimen (f)) is presented in
subsections 4.1.1. From the obtained values, the loss factor of
the viscoelastic material (1) is calculated using equation 1 and
discussed in the subsection 4.1.2.

4.1.1  Natural Frequency (f) of the Sandwich Specimen

The change in natural frequency (f) with varied CIP
content under no field condition obtained from the free
vibration test is shown in Table 2. Results indicate that with

100

Table 2. Natural frequencies of the Sandwich specimens
determined experimentally and FEM simulation at 0T.

Natural frequency (Hz)
Percentage CIP Experiment FEM  Percentage variation
0 26.37 27.84 5.574
5 26.42 27.95 5.474
10 26.66 28.44 6.259
15 26.94 28.46 5.341
20 27.17 28.99 6.278
25 27.37 29.45 7.063
30 27.58 29.93 7.852

the addition of the CIP to the matrix, the natural frequency of
the beams increases marginally.

For a classical spring-mass system, the equation governing
the natural frequency (w,) with respect to stiffness (k) and mass
(m) is given as

k
O, =4— (7
m

From equation the impact of iron powder in stiffness

enhancement is more than the mass addition in the sample.
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The above trends were ascertained by performing modal
analysis (3D Finite element method) in Altair Hyperworks
suite to determine the natural frequencies of all the speciments
at OT. The finite element model of the sandwich specimen
with cantilever boundry condition is shown in Fig. 3(a). The
mass loading effect induced by the accelerometer (10grams) is
simulated by appplying a concentrated mass (CONM?2) on the
rigid element RBE3 which connects the mesh sets together. 8
nodes hexahedron (Hex 8) was chosen as the type of element
for base beam and core material. A node to node connection
is established between the aluminium beam and MRE. The
material property (Young’s modulus) of the core material was
specified based on the results obtained by Sandesh?, et al.. The
mode shape of the 1** mode of the 0% CIP sample is shown
in Fig. 3(b). The natural frequency obtained from finite element
method for the all the samples is presented in Table 2 and has been
compared with the experimental results. The percentage deviation
is less than 8% indicating a good correlation between them.

Concentrased
s applicd on ” ]
the rigid element :

(b)

Figure 3. (a) Finite element model of the sandwich specimen
and (b) Mode 1 of the 0% CIP sample.

The effect of the applied field on the natural frequency of
each specimen is depicted in Table 3. The natural frequency
decreased with an increase in the magnetic flux density. The
natural frequency of 5% MRE sample reduces by 0.75% tested
at 0.05T in comparison to 3% reduction of the same sample
tested at 0.15T. Also, the natural frequency of 5% MRE sample
reduces by 3% in comparison to 14% reduction of 30% MRE
sample both tested at 0.15T. These trends of decrease in
natural frequency with magnetic field were also described by
Kozlowska?, et al. and Hu*, et al..

Table 3. Variation of natural frequency of the specimens under
varied magnetic flux density

Natural frequency (Hz)
Percentage CIP Magnetic flux density

oT 005T 01T 015T
0 26.37 26.37 26.37 26.37
5 26.42 26.28 26.02 25.62
10 26.66 26.44 25.93 24.61
15 26.94 26.52 25.75 24.90
20 27.17 26.57 25.85 24.72
25 27.37 26.95 26.13 24.51
30 27.58 26.55 25.52 23.72

The decrease in natural frequency of the MRE specimen
beam with intensification of the magnetic flux density can be
due to the increase in its static deflection®. This phenomenon
was explained by Rajpal®, et al. The fundamental natural
frequency (o) of a SDOF system is

g

0, =% ®)
where g is the acceleration due to gravity and 6 is the static
deflection of the spring. As per the equation above, an increase
in the static deflection of the beam causes its natural frequency
to reduce. The static deflection for any MRE sample at no
field is zero. With field, the magnetic pull generated by the
permanent magnets causes the MRE beam to deflect to a new
position increasing its static deflection. Further, the behaviour
is pronounced for MRE specimen with higher percentage CIP
content leading to a bigger drop in the natural frequency.

4.1.2  Loss Factor (n,)) of the Viscoelastic Material

The loss factor of the core material is calculated using
equation 1. The results obtained are presented in Fig. 4. The
loss factor of MRE core material was found to increase with an
increase in percentage CIP content and increase in the magnetic
flux density.
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Magnetic Mux density, T

Figure 4. Loss factor of the viscoelastic material.
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The key aspects contributing to the improvement in
the damping characteristics of the core material is explained
in this section. The sandwich beam vibrating in flexure,
primarily dissipates energy in the form of heat owing to the
shear deformation of the viscoelastic layer longitudinally?®.
In addition to this, energy dissipation occurs due to damping
effect from the matrix, damping effect from the CIP and
energy dissipation between the matrix and the particles due to
friction®?®. Damping of the pure MRE is due to the inherent
damping of the viscoelastic matrix resulting from the friction
due to parallel polymer chains (Fig. 5a)*. When the CIP
particles are embedded, the damping of MRE without the
magnetic field can be expressed as®®

Mare = Mawar Y Newr T Masar e (10)
where 7, .. is the loss factor of the MRE, n,, is the loss factor
of CIP particles and 1, .. .,» 1S the loss factor due to the friction
resulting from the interfacial interaction between the matrix
and the CIP particles. The contribution of CIP on damping is
minimum and is neglected*®. Thus, the damping of the MRE
majorly depends on the damping provided by the matrix and
energy dissipation between the matrix and the CIP particles
interface (Fig. 5b). Damping due to interfacial frictional force
is a function of number of association points between the CIP
particles and the matrix and interactive force between the CIP-
Matrix interfaces®’. For samples with higher percentage content
of CIP, the number of association points increases causing an
increase in interfacial area resulting in energy dissipation due
to friction (Fig. 5¢)®?%. This resulted in the enhancement of the
loss factor. Similar trends were observed by Gong?.

| @ (b) ©
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Figure 5. (a) Damping due to friction in polymer chains, (b) Damping due
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Figure 6. Shear modulus of the viscoelastic material.

With the applied field, there is an additional energy
dissipation due to the interaction between the adjacent magnetic
dipoles®.

Nure = Maar T Nee T Nagarscrr T Nuar (11)
where 7,,.is the loss factor resulting from the applied magnetic
field. An increase in the magnetic force acting amid the particles
and the matrix increases the interactive force between them
(Fig. 5d)%®. The increase in the interactive force between them
enhances the energy dissipation due to friction.

4.2 Shear Modulus (G)) of the Viscoelastic Material
Shear modulus represents the elastic behaviour (stiffness)
of the material. The shear modulus of the core material was

o calculated using Eqn (2). It was observed that the

addition of CIP particles enhances the shear modulus

s (Fig. 6). These trends obtained agree with the studies

conducted by Gong?®' and Yunus*.

A unit cell of the MRE matrix was considered to
study the variation of shear modulus as a function of
percentage content of iron powder and applied field. The
pure silicone elastomer has no CIP particles (Fig. 5e).
The unit cell is assumed to contain 4 CIP particles (Fig.
5f) for samples with 5-20% CIP content. For samples
with 25% and 30% CIP content, the unit cell is assumed
to contain 9 CIP particles (Fig. 5g). With the beam
vibrating in flexure, the viscoelastic layer experiences
shear deformation along the longitudinal direction. The
shear strains undergone by the pure silicone, 5-20%
MRE and 25-30% MRE samples is denoted as ¢ , ¢, and
¢, respectively. With the inclusion of the CIP in the pure
silicone elastomer, the stiffness of the matrix increases
due to the reinforcing effect rendered by the CIP. The
shear strain experienced by the 25-30% MRE sample is
minimum in comparison to the 5-20% MRE sample and

102

to interfacial friction in lower percentage CIP content samples,
(c) Damping due to interfacial friction in higher percentage
CIP samples, (d) Damping due to applied magnetic field, (e)
Variation of Shear strain for pure silicone sample, (f) Variation
of Shear strain for 5-20%MRE sample, (g) Variation of Shear
strain for 25 and 30% MRE sample, and (h) Variation of Shear
strain for MRE sample with applied field.

the pure sample. Hence, ¢ > ¢,> ¢ . The relationship
between shear modulus (G) and shear stress (1) and
shear strain () is given as

G=- (12)
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Therefore, the Shear modulus of samples with higher
percentage content of CIP (G)) is greater in comparison to
samples with lesser percentage of CIP (G,). Pure samples have
the least shear modulus (G ).

Further, with the applied field, the shear modulus is
observed to increase marginally for all the samples. With
field, the CIP particles experience a force of attraction causing
the distance between them to decrease in the applied field
direction due to dipole effect™®. This arrests the shearing
action of the viscoelastic layers in the longitudinal direction
causing a decrease in the shear strain ¢, as indicated in
Fig. 5(h). Hence, the shear modulus increases with field.

5. CONCLUSION
In this study, the Viscoelastic properties of RTV silicone

based isotropic MRE were characterised by employing ASTM-

E756-05. Loss factor and shear modulus variations of the MRE

with respect to percentage content of CIP and magnetic field

were investigated. The following conclusions are drawn by
analysing the results:

= Both Shear modulus and Loss factor were found to
increase with an increase in the percentage content of CIP
and magnitude of the magnetic flux density.

*  Maximum loss factor and Shear modulus were observed
for 25% and 30% CIP content samples at 0.1T and 0.15T
magnetic field, respectively.

= The stiffness of the samples increased slightly with the
addition of the CIP resulting in an improvement in the
natural frequency denoting that there is an improvement
in stiffness to mass ratio. The behaviour was validated
numerically by conducting modal analysis.

=  The increase in static deflection due to magnetic pull
experienced by the beam due to the applied field resulted
in decrease of its natural frequencies of the specimen.
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